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Abstract: This study aimed to develop an oral delivery system using clay-based organic- 
inorganic hybrid materials to improve the bioavailability of the drug, flurbiprofen, which is 
poorly soluble in water. 3-aminopropyl functionalized magnesium phyllosilicate (AMP clay) 
was synthesized by a one-pot direct sol-gel method, and then flurbiprofen (FB) was incorporated 
into AMP clay (FB-AMP) at different drug/clay ratios. The structural characteristics of AMP 
and FB-AMP formulation were confirmed by X-ray diffraction, Fourier transform infrared 
spectroscopy, and transmission electron microscopy. Among tested formulations, FB-AMP (3) , 
dramatically increased the dissolution of FB and achieved rapid and complete drug release 
within 2 hours. More than 60% of FB was released from FB-AMP (3) after 30 minutes; the 
drug was completely dissolved in the water within 2 hours. Under the acidic condition (pH 
1 .2), FB-AMP (3) also increased the dissolution of FB by up to 47. 1 % within 1 hour, which was 
three-fold higher than that of untreated FB. Furthermore, following an oral administration of 
FB-AMP (3) to Sprague-Dawley rats, the peak plasma concentration and area under the plasma 
concentration-time curve of FB increased two-fold, and the time to reach the peak plasma 
concentration was shortened compared with that in the untreated FB. This result suggests that 
the oral drug delivery system using clay-based organic-inorganic hybrid material might be 
useful to improve the bioavailability of FB. 

Keywords: poorly water-soluble drugs, aminopropyl functionalized magnesium phyllosilicate, 
organic clay, oral bioavailability 

Introduction 

Oral delivery is the most convenient and widely accepted route of drug administration, 
especially for chronic therapies in which repeated administrations are required. Oral 
formulations are used largely because of 1) patient compliance; 2) low invasive 
character; 3) easy administration; and 4) the low cost of the manufacturing processes. 
However, it has been estimated that anywhere from 40% to as much as 70% of all new 
chemical entities entering drug development programs possess insufficient aqueous 
solubility, leading to limited drug absorption. 1 Therefore, there are continuous needs 
for efficient delivery systems that will improve the bioavailability of poorly soluble/ 
absorbable drugs. 

Clay minerals of layered organic-inorganic hybrid materials resembling the talc parent 
structure Si 8 Mg 6 O 20 (OH) 4 have been synthesized by a sol-gel reaction in ambient condi- 
tions, with various combinations of metal ions such as magnesium, nickel, and zinc. 2 " 5 
Their organofunctionalities have also been extensively investigated to improve biocom- 
patibility. For example, organoclay as 2: 1 trioctahedral typed aminopropyl functionalized 
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magnesium phyllosilicate (AMP) has been synthesized by 
a one-pot sol-gel reaction under ambient conditions. 6,7 This 
process results in organo-building blocks that are optically 
transparent due to the repulsion of protonated amine groups 
in aqueous media. The delaminated layers of AMP clay in 
aqueous solution are 30-150 nm in size and about 2-A nm 
in thickness. The cationic and water-soluble properties of 
AMP clay have been used to construct hybrid materials with 
biomolecules and drug delivery systems. 8 13 Considering AMP 
clay is a nontoxic host material, 14 it should have high potential 
as a promising drug delivery carrier. There have been a few 
reports indicating the application of AMP clay as an efficient 
drug delivery system; 9,1 w3 however, most of the previous stud- 
ies were limited to in vitro evaluation. Because there can be a 
significant gap between the in vitro and in vivo performance of 
drug delivery systems, the significance of in vitro observation 
should be clarified in appropriate in vivo systems. Therefore, 
in the present study, drug-loaded AMP clays have been syn- 
thesized and their in vitro, as well as in vivo, characteristics 
were evaluated. Because flurbiprofen (FB) is one of the widely 
used nonsteroidal anti-inflammatory drugs (NSAIDs) and is 
also poorly water-soluble, 15 it was selected as a model drug. 
Subsequently, drug-loaded organoclays were synthesized at 
various drug-clay ratios, and their effects on the dissolution 
and bioavailability of the drug were examined in comparison 
with the conventional powder formulation. 

Materials and methods 

Materials 

Flurbiprofen was obtained as a gift from Kolon Life Science 
Inc., (Seoul, Korea) and 3-aminopropyltriethoxysilane (99%) 
was supplied by Sigma-Aldrich (St Louis, MO, USA). Etha- 
nol, acetonitrile and methanol were purchased from Merck 
KGaA (Darmstadt, Germany). Magnesium chloride hexahy- 
drate (98.0%) and other common inorganic salts were obtained 
from Junsei Chemical Co., Ltd., (Tokyo, Japan). All other 
chemicals were of analytical grade and all solvents were of 
high-performance liquid chromatography (HPLC) grade. 

Preparation of FB-AMP clays 

3-aminopropyl-functionalized magnesium phyllosilicate 
clay (AMP clay) was prepared by the methods described in 
previous reports. 911 In brief, magnesium chloride (1.68 g, 
7.24 mmol) was dissolved in ethanol (40 g), and then 
3-aminopropyltriethoxysilane (2.6 mL, 11.7 mmol) was 
added dropwise with rapid stirring. A white precipitate 
formed almost immediately and was stirred overnight. 
The resulting product was isolated by centrifugation and 



washed in ethanol (3 x 50 mL), before drying in air at 40°C. 
Exfoliation of the AMP clay was undertaken by dispersing 
the bulk powder in water, followed by ultrasonication for 
5 minutes. 

To load FB into the AMP clay, an aqueous solution of 
FB (1 mL, 10 mg/mL) was added slowly to the exfoliated 
AMP suspension at the different drug/clay ratios (1:1, 1:2, 
and 1:3) in various formulations: FB-AMP (1) , FB-AMP (2) , and 
FB-AMP (3) . The product, which precipitated immediately, was 
left to age overnight and then separated by centrifugation and 
air-dried at room temperature. 

Structural characterization 

The structures of AMP clay and FB-AMP clay were con- 
firmed by X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FT-IR), and transmission electron 
microscopy (TEM). XRD patterns were obtained on an X-ray 
diffractometer (X'Pert PRO MPD; PANalytical Co, Eindhoven, 
The Netherlands) with CuKoc radiation at 20 mA and 40 kV 
Powder samples were pressed onto a glass X-ray sample holder. 
Scans were recorded between 3° and 70° (20) with a step size of 
0.05° and scanning speed of 27minute. FT-IR spectra of each 
sample were obtained on an IR-grade potassium bromide (KBr) 
pellet (Nicolet 6700; Thermo Fisher Scientific, Waltham, MA, 
USA). TEM imaging was obtained on a bright field emission 
microscope (Tecnai G2; FEI, Hillsboro, OR, USA) with a LaB6 
electron gun and an accelerating voltage of 200 kV 

Dissolution studies 

Dissolution tests were conducted using the USP paddle 
method with 50 rpm at 37°C + 0.5°C in the dissolution tester 
DT 1420 (ERWEKA GmbH, Heusenstamm, Germany). The 
drug release profile from the FB-AMP formulations was 
evaluated in water and compared to that taken from pure FB. 
In addition, pH-dependency in the dissolution of the FB-AMP 
formulations was examined at pH 1.2, 4.0, and 6.8. Each 
formulation was exposed to the dissolution medium (pH 1 .2, 
4.0, 6.8 buffer and water) for 2 hours. At the predetermined 
time points (5, 10, 15, 30, 45, 60, and 120 minutes), 1 mL 
of each sample was collected and filtered through a 0.45 urn 
pore-sized PTFE syringe filter. After each sample collection, 
an equivalent amount of fresh medium was added to maintain 
the constant volume of dissolution media. The released drug 
amount was determined by HPLC assay. 

Animal studies 

Male Sprague-Dawley rats (250 g-300 g) were purchased 
from Samtako Bio Korea Co., Ltd. (Osan, Korea) and given 
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free access to a normal standard chow diet (Superfeed Co., 
Ltd, Wonju, Korea) and tap water. All animal studies were 
carried out in accordance with the Guiding Principles in the 
Use of Animals in Toxicology adopted by the Society of 
Toxicology (USA), and the study protocol was approved by 
the review committee of Dongguk University (IACUC-20 13- 
007). Rats were fasted for 1 8 hours prior to the experiments 
and were given free access to tap water. The rats were then 
divided into two groups (n=6 per group) and orally given 
either FB (10 mg/kg) or FB-AMP formulation (equivalent to 
10 mg/kg of FB). The drug was given as an aqueous suspen- 
sion via an oral gavage. Blood samples were collected at 0.25, 
0.5, 0.75, 1, 2, 4, 6, and 12 hours. Blood samples were centri- 
fuged at 15,000 rpm for 5 minutes, and the obtained plasma 
samples were stored at -80°C until analyzed by HPLC. 

HPLC analysis 

In vitro samples 

Drug concentration was measured by the HPLC method 
reported in previous studies. 1617 The HPLC system (Flexar; 
PerkinElmer, Waltham, MA, USA) consisted of an ultra- 
violet (UV) detector, an automatic injector, and two solvent 
delivery pumps. An octadecylsilane column (Gemini CI 8, 
4.6 x 150 mm, 5 \im; Phenomenex, Torrance, CA, USA) 
was eluted with a mobile phase consisting of acetonitrile/ 
water/phosphoric acid (600/400/5, v/v/v). The flow rate 
was 1.5 mL/minute with the UV detection wavelength set 
at 254 nm. 

In vivo samples 

To 50 loL of plasma sample, 600 |iL of acetonitrile and 
50 uL of internal standard (valsartan, 10 ug/mL) were added 
and mixed vigorously for 5 minutes. After centrifuging at 
15,000 rpm for 2 minutes, the supernatant was transferred 
into a microtube and evaporated under vacuum. The residue 
was reconstituted with 1 50 |iL of the mobile phase and after 
vigorous mixing for 1 minute, 50 uL of the supernatant was 
injected into the HPLC system. An octadecylsilane column 
(Gemini CI 8, 4.6 x 150 mm, 5 (im; Phenomenex) was 
eluted with a mobile phase consisting of acetonitrile/water/ 
phosphoric acid (600/400/5, v/v/v). The flow rate was 
1.5 mL/minute with the UV detection wavelength set at 
254 nm. 

Pharmacokinetic analysis 
and statistical analysis 

The plasma concentration data were analyzed by non- 
compartmental analysis using Kinetica version 5.0 



(Thermo Fisher Scientific). The area under the plasma 
concentration-time curve (AUC) was calculated using the 
linear trapezoidal rule. The peak plasma concentration (C max ) 
and the time to reach the peak plasma concentration (T max ) 
were observed values from the experimental data. 

All means were presented with their standard deviation. 
The statistical analysis was conducted using the Student's 
Mest; P<0.05 was considered statistically significant. 

Results and discussion 

Structural characterization 

X-ray powder diffraction 

AMP clay was readily prepared by co-condensation in an 
ethanolic solution containing magnesium chloride and 
3-aminopropyltriethoxy silane. It consisted of a disordered 
talc-like 2:1 trioctahedral smectite structure with a central 
brucite octahedral sheet overlaid on both sides with a tetrahe- 
dral silicate network comprising covalently linked uncharged 
aminopropyl functionalities. The AMP clay was subsequently 
delaminated in water by protonation of the amino side chains 
to produce clear suspensions of micrometer-sized exfoliated 
sheets that could be restacked spontaneously into a bulk phase 
by addition of the anionic drug FB. The XRD data of AMP 
clay and FB-AMP (3) are shown in Figure 1. Corresponding 
powder X-ray diffraction patterns show in each case a broad 
d 00] interlamellar reflection, indicating that layered structures 
were spontaneously reassembled in the presence of the FB 
molecules. The broad higher angle in-plane peaks included 
the characteristic d 060 smectite reflection at 59° in 20 ( 1 .56 A) 
with dramatically increased intensity and confirmed that the 
structural framework of AMP clay was retained during the 
delamination/intercalation processes. Using Bragg's law, 
the basal spacing of AMP clay was calculated to be 14.73 A. 
As a result of intercalation, the reflections (001) shifted to 
lower angles with an increase in the basal spacing (16.38 A). 
We therefore speculated that the drugs were incorporated 
within the organoclay galleries as a monolayer, with the 
molecular long axis parallel to the layer direction of the 
AMP structure (diameter of benzene ring, 0.28 nm; size of 
one atom, ~0.1 nm). 

FT-IR data 

The typical IR absorption bands of AMP and FB-AMP are 
depicted in Figure 2. The covalently linked aminopropyl 
functionality (Si-C, 1,130 cm 1 ; NH 3 + , 2,029 cm 1 ; N-H, 
1635 cnr 1 , 1,512 cm -1 ) and phyllosilicate framework 
(Si-O-Si, 1,020 cm 1 ; Mg-O, Mg-O-Si, 565 cm M97 cm 1 ) 
were retained after loading FB into the AMP clay. Interactions 
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Figure I X-ray diffraction patterns of FB, AMP, and FB-AMP clay. 

Abbreviations: FB, flurbiprofen; AMP, aminopropyl functionalized magnesium phyllosilicate; FB-AMP, flurbiprofen incorporated into 3-aminopropyl functionalized 
magnesium phyllosilicate clay. 
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Figure 2 Fourier transform infrared spectroscopy (FT-IR) spectra of FB, AMP, and FB-AMP clay. 

Abbreviations: FB, flurbiprofen; AMP, aminopropyl functionalized magnesium phyllosilicate; FB-AMP, flurbiprofen dissolved in AMP clay. 
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between FB and aminopropyl groups of AMP clay were evi- 
denced by shifts in the vibrational frequencies associated with 
particular absorption bands. For example, the bands of FB 
were at 1 ,70 1 cnr 1 for the free carboxylic group, at 1 ,962 cnr 1 
for a substituted aromatic ring, and at 1,622 cnr 1 for the 
v(C-C) stretching mode of the aromatic ring. As a result of 
intercalation of FB into AMP, new peaks were detected, such 
as symmetric and asymmetric modes of COO at 1,419 cnr 1 
and 1,560 cnr 1 , respectively. Vibrations attributed to the 
aminopropyl side groups of the AMP were also shifted from 
1,635 cm 4 (N-H deformation) and 2,029 cnr 1 (NH 3 + stretch) 
to 1,625 cnr 1 and2,l 12 cm"" 1 , respectively, indicating strong 
electrostatic interaction between FB and the surface of the 
AMP lamellae. 

TEM image 

The layered structure and terrace-like piled structure are 
shown in the TEM images (Figure 3), which confirms that 
the intercalated AMP clay with FB was synthesized. This 
means that the talc-like smectite structure of FB-AMP was 
retained during the modification. 




Time (min) 

Figure 4 Drug release profiles of FB and FB-AMP formulations in water (mean ± SD, n-3). 

Abbreviations: FB, flurbiprofen; FB-AMP, flurbiprofen incorporated into 3-aminopropyl functionalized magnesium phyllosilicate clay; SD, standard deviation; min, 
minutes. 




Figure 3 TEM image of FB-AMP |3) . The inner, magnified figure shows the layered 
structure more clearly. 

Abbreviations: TEM, transmission electron microscopy; FB-AMP, flurbiprofen 
incorporated into 3-aminopropyl functionalized magnesium phyllosilicate clay. 
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Figure 5 pH dependency in the drug release from FB and FB-AMP (3) (mean ± standard deviation, n=3). 

Abbreviations: FB, flurbiprofen; FB-AMP , flurbiprofen incorporated into 3-aminopropyl functionalized magnesium phyllosilicate clay. 



In vitro characteristics of the 
FB-AMP clay 

The dissolution profiles of FB-AMP clay were examined in 
water (Figure 4). Compared to other compositions, FB-AMP (3) 
indicated rapid and complete drug release within 2 hours. 
More than 60% of FB was released from FB-AMP (3) after 
30 minutes, and all of the drug was completely dissolved 
within 2 hours, whereas the drug release from the untreated 



FB was less than 40%. This result suggests that FB-AMP (3) 
may be useful to improve the degree of drug release of FB. 

The increased dissolution via FB-AMP (3) may be explained, 
at least in part, as follows. FB-AMP should have a "salt 
sandwich" structure and the dissociation of positively charged 
AMP clay in aqueous solution drives the microenvironmental 
pH to be more basic 18-20 and thus enhances the solubility of 
the acidic drug. On the other hand, FB-AMP (1) and FB-AMP (2) 
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Table I Pharmacokinetic parameters of FB after an oral 
administration of FB or FB-AMP in rats (mean + SD, n=6) 



Formulation 


c ms 


x (u,g/mL) 


T m » (h) 


AUC (u.g h/mL) 


FB 


I7.£ 


±5.1 1 


1 .22 ± 0.66 


66.7 ± 32.0 


FB-AMP (3) 


38.E 


± 10.8* 


0.44 ±0.1 1* 


1 37 ± 17.1* 



Notes: *P<0.05, compared to FB (untreated drug); dose equivalent to 10 mg/kg 
of FB. 



Abbreviations: FB, flurbiprofen; FB-AMP , flurbiprofen incorporated into 
3-aminopropyl functionalized magnesium phyllosilicate clay; SD, standard 
deviation; n, number; C max , peak plasma concentration; T^, time to reach peak 
plasma concentration; h, hours; AUC, area under the plasma concentration-time 
curve. 

showed slower drug release than the untreated FB, which was 
similar to the previous observation by Holmstrom et al. 9 In 
the study, Holmstrom et al 9 reported the sustained release 
of ibuprofen from the reassembled organoclay composite. 
However, in the case of FB-AMP (3) , there was a more rapid 
drug release than with untreated FB (Figure 4). The fast drug 
release from FB-AMP (3) , might be explained as follows. First, 
as the ratio of AMP clay increased during the formation of 
FB-AMP clay some of the drug could have been adsorbed 
on the clay surface via the electrostatic interaction, whereas 
some of the drug was intercalated into the layered AMP clay. 
Therefore, in the aqueous media, the adsorbed drug on the 
clay surface was released rapidly at the early stage (ie, initial 



time points), whereas the drug release at the later stage came 
from the intercalated drug. 

After oral administration, the drug should go through the 
stomach at pH 1-2 before reaching the intestines. Therefore, 
the pH effect on the drug release profiles of untreated FB, as 
well as FB-AMP clay, was also evaluated (Figure 5). With 
both untreated FB and FB-AMP (3) , the released drug amount 
was significantly decreased under acidic conditions (Figure 5). 
Given that FB has a pKa of 4.27, 21 the fraction of unionized 
drug should be increased as pH decreases, resulting in lower 
solubility of FB. Therefore, it is clear that the extent of drug 
release decreased under acidic conditions. However, compared 
to the untreated drug, FB-AMP (3) still enhanced the drug 
dissolution three-fold at pH 1.2. This is because the high pH 
associated with AMP clay (about pH 10.5) in aqueous solu- 
tion might help the dissolution of FB through the increased 
microenvironmental pH. On the other hand, the drug release 
rate from FB-AMP clay was slightly slower at higher pH 
(Figure 6). Conceivably, the release rate could depend on the 
electrostatic interaction of the drug molecule and the AMP clay, 
which can be varied by changing the pH. FB will be more ion- 
ized at higher pH, and thus the electrostatic interaction between 
drug and AMP clay will be stronger, causing the intercalated 
drug to stay longer inside the clay galleries. 
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Figure 7 Plasma concentration-time profiles of FB after an oral administration of FB (untreated) and FB-AMP |3) , in rats (mean + SD, n-6). Dose was equivalent to 1 0 mg/ 
kg of FB. 

Abbreviations: FB, flurbiprofen; FB-AMP (3l , flurbiprofen incorporated into 3-aminopropyl functionalized magnesium phyllosilicate clay; SD, standard deviation; n, number; 
min, minutes. 
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Taken together, FB-AMP (3) exhibited rapid and complete 
dissolution in water and also improved the extent of drug 
release at low pHs compared to untreated FB. 

In vivo pharmacokinetic studies 

The pharmacokinetic parameters of FB following an oral 
administration of FB or FB-AMP 3 are summarized in Table 1 . 
Mean plasma concentration-time profiles of FB following an 
oral administration of FB or FB-AMP (3) are also illustrated 
in Figure 7. FB-AMP (3) enhanced significantly (P<0.05) the 
systemic exposure of FB (Table 1). The C max and AUC of FB 
increased two-fold via the FB-AMP formulation, whereas 
T was shortened. Therefore, the faster and more efficient 

max 

dissolution of FB via the FB-AMP formation appeared to be 
correlated well with more rapid and enhanced absorption of 
FB in rats. This result suggests that FB-AMP {3) is promising 
for improving the bioavailability of FB. Furthermore, consid- 
ering that rapid onset of action is required for an analgesic 
drug, the shorter T from FB-AMP,,. could be beneficial 

max (3) 

for the earlier onset of analgesic action. 

A previous study indicated that AMP clay had little 
cytotoxicity in normal fibroblast and tumor cells. 14 In the 
concentrations up to 500 LXg/mL, the toxicity of AMP clay 
in terms of cell viability and membrane damage appeared to 
be minimal. In addition, AMP clay did not induce apoptosis 
even at concentrations as high as 1,000 Ug/mL, implying that 
the potential toxicity of AMP clay is low. 14 Given that the 
AMP clay is a nontoxic host material, 14 the in vitro and in vivo 
observation in the present study strongly support that AMP 
clay might have a high potential as a drug delivery carrier to 
improve the bioavailability of poorly soluble drugs. 

Conclusion 

FB-AMP (3) significantly enhanced the rate and the extent of 
drug release of FB, particularly at low pHs. Furthermore, FB- 
AMP (3) significantly (P<0.05) enhanced the oral exposure of 
FB in rats compared with the untreated powder formulation. 
Therefore, FB-AMP (3) appears to be effective in improving 
the dissolution and the bioavailability of FB in rats. 
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